Abstract-This paper focuses on the denoising and enhancing of 3-D reflection seismic data. We propose 13 a pre-processing step based on a non linear diffusion filtering leading to a better detection of seismic faults. 
, Sorin Pop (1) , Christian Germain (1) (2) , Marc Donias (1) , Sebastien Guillon (3) , Naamen Keskes The acquisition and processing of reflection seismic data result in a 3D seismic block of acoustic 24 impedance interfaces. The interpretation of these data represents a delicate task. Geological patterns are 25 often difficult to recognize for the expert. 26 This interpretation of seismic blocks mainly consists in reflector picking (i.e. identifying and recording the 27 position of specific reflection events) and fault plane locating. To be able to pick the reflectors wherever 28 they are located throughout the seismic volume, the interpreter must be able to determine the vertical 29 displacement across faults, and above all, he must discriminate whether a discontinuity is due to noise or 30 artefacts or is evidence of a fault ( Fig. 1 ).
31
As manual interpretation is both costly and subjective, some authors have investigated the use of image . The resulting automatic tools are useful for structural interpretation of seismic data, but these 34 tools failed in tracking horizons across faults especially if the level of noise is high. 35 One way to improve the efficiency of both manual and automatic interpretation is to increase the quality of 36 the 3D seismic data by enhancing the structures to track as preserving the faults.
37
Among the different methods to achieve the denoising of 2D or 3D data, a large number of approaches 38 using non-linear diffusion techniques have been proposed in the recent years (Weickert, 1997) . These 39 techniques are based on the use of Partial Differential Equations (PDE).
40
The simplest diffusion process is the linear and isotropic diffusion that is equivalent to a convolution with a 41 Gaussian kernel. 42 The similarity between such a convolution and the heat equation was proved by Koenderink (1984) :
(1) 45 In this PDE, U represents the intensity function of the data; c is a constant which, together with the scale of 46 observation t, governs the amount of isotropic smoothing. Setting c=1, (1) is equivalent to convolving the 47 image with a Gaussian kernel of width t 2 . div indicates the divergence operator. 48 Nevertheless, the application of this linear filter over an image produces undesirable results, such as edge 49 and relevant details blurring.
50
To overcome these drawbacks Perona and Malik (1990) proposed the first non-linear filter by replacing the 51 constant c with a decreasing function of the gradient, such as: Weickert (1994; proposed two original models with tensor based diffusion functions. The purpose of 60 a tensor based approach is to steer the smoothing process according to the directional information contained 61 in the image structure. This anisotropic behaviour allows for adjusting the smoothing effects according to 62 the direction.
63
The general model is written in PDE form, as:
with some initial and reflecting boundary conditions.
66
In the Edge Enhancing Diffusion (EED) model, the matrix D depends continuously on the gradient of a 67
Gaussian-smoothed version of the image ( 
Each component of the resulted matrix of the tensor product ( ⊗ ) is convolving with a Gaussian kernel As we have seen, in most approaches an adaptive behaviour is obtained taking into account the local image 101 structure and more particularly the local orientation. Concerning the characterization of the local structure, 102 we have to mention the advanced works based on filter banks. These tools have proven efficient for 103 orientation analysis (Granlund and Knutsson, 1995) . In particular the first efficient approach was the value is taken as a result, is proposed as edge preserving filter. This method leads to an enhancement of the 117 faults when applied over the seismic images, but this enhancement is accompanied by a strong modification 118 of the seismic data. We can note that one interest of this approach lies in its low computational cost.
119
In this paper we present a new approach based on the CED model, dedicated to 3-D seismic blocks 120 processing. Seismic data are composed of strongly oriented patterns -stacks of almost parallel surfaces 121 broken by faults. The aim of our method is to deliver a 3-D accurate image, from the fault detection point 122 of view. So, our filtering consists in a data pre-processing method, which takes into consideration the 123 enhancing of relevant discontinuities. 124 In section II we present the general 3-D CED model and some specific improvements for seismic data. A 125 measure will be chosen to steer the diffusion along different coherence structures, such as plane-like or 126 line-like structures. Relevant results, for both synthetic and real images, will be illustrated in section III. 127 Finally, conclusions and further work will be presented. 128 2. Seismic data enhancing using 3-d anisotropic diffusion 129 In this section, we present the extension of CED model in the 3-D case. Thanks to a confidence measure, 130 we propose some improvements of this filter with respect to our type of data.
131

A. 3-D CED model
132
The 3-D model is a particular case of the general CED model (Weickert, 1995) . 133 The structure tensor (5), becomes:
The smoothed version of intensity ( σ U ) is obtained after a convolution with a 3-D Gaussian kernel:
The noise scale (σ ) establishes the minimum size of the objects preserved in the smoothed image. An 138 average of the orientation, at integration scale ρ , is applied to deliver the orientation of the significant 139 structures. Usually, the integration scale is chosen larger than the noise scale.
Due to the structure tensor properties (symmetric positive semi-definite), the eigenvalues are real and 141 positive. These may be ordered as follows:
The corresponding eigenvectors ( The measure of coherence k is defined as: 
The threshold parameter C is usually chosen equal to 1. In the coherent structures ( C k >> ), the diffusion 157 processes essentially along In the result section, the original weickert's approach will be denoted CED-1D and the approach based on 167 this new set of eigenvalues will be denoted CED-2D as it allows filtering of 2D structures. 168 Using the CED-2D approach leads to a diffusion process steered along the 2D horizons even in the 169 presence of faults. As a consequence, this method presents the drawback of smoothing the signal across 170 faults leading to a loss of relevant seismic information. 171 Considering the behaviour of the CED-1D and CED-2D methods, we will propose a new approach which 172 consists in choosing an appropriate set of eigenvalues to both enhancing the structures to track and 173 preserving the faults as relevant details. 
207
We intended to create a system adapted to local context, which acts in specific ways for different regions.
208
We chose the confidence measure C fault from the various set of measures dedicated to this purpose (Rao, 
Results
226
This section illustrates the efficiency of our approach on both synthetic and real seismic blocks. The 227 noise reduction and the faults preserving are evaluated. Our filter is compared with both the CED-1D and 228 CED-2D models. 
3D-synthesized blocks
230
Since it is much easier to judge the efficiency of the algorithms on a synthetic image, we propose to use a 231 3-D synthetic block composed by a stack of layers with a sinusoidal profile and broken by two crossed 232 faults. Figure 2 shows a front section of the original block.
233
The data are corrupted with additive Gaussian white noise. Figure 3 shows the noisy blocks for signal-to- The efficiency of our method was evaluated by the means of root-mean-square-error (RMSE) which 241 allows quantifying the similarity between each diffused block and the original synthetic block:
243
where U 0 denotes the value of the voxel with coordinates (x,y,z) in the original non-noisy block (Fig. 2) 
244
and U the value of the same voxel in the processed image. n denotes the total number of voxels.
245
Firstly, the original block was segmented in two regions: faults and non-faults. This segmentation was 246 achieved using a simple thresholding on the C fault value. Then, for each processed block, the RMSE has 247 been computed in these two different zones in order to illustrate the behaviour of the methods in particular 248 in the fault regions. The resulting RMSE values are provided in Table 1 . 249 Considering the quality of the denoising, our approach performs well when compared with the CED 250 models, in terms of both visual quality and global RMSE. In particular, false anisotropic structures appear 251 in the block processed with the CED 1D model (Fig. 5c ) while our approach does not create this type of 252 structure (Fig. 5d) . This is also reflected in the RMSE values corresponding to the non-fault region.
Like our model, CED 1D preserve the faults producing comparable RMSE values in fault region, which 254 is not the case of CED 2D model. On the other hand CED 2D model provides a good quality in the non-255 fault zones (Fig. 4c, 4f, 4i ). Figure 6 compare results generated on a real seismic block (Fig. 1) Sønneland L., Randen T., Kvia P., Saeter T., Schlaf J., Iversen T., Hetlelid A., Østebø M., Pedersen S. Table 1 . RMSE values for the diffusion of noisy synthesized 3D-blocks in both fault and non-fault regions. 
